The recent increase in North Sea anchovy Engraulis encrasicolus most likely stems from climate-driven improvement in recruitment to remnant sympatric populations.
INTRODUCTION
Climate change has affected the distribution of fish populations by different mechanisms, including direct displacement of populations into novel areas and increased productivity of fringe components of populations (Beare et al. 2004 , Rijnsdorp et al. 2009 ). The European anchovy Engraulis encrasicolus has recently been identified as a species that may have ABSTRACT: The abundance and spatial occupation of European anchovy Engraulis encrasicolus have increased in the North Sea since the mid-1990s. We use a cross-disciplinary approach combining genetics, transport modelling, survey time series analyses and physical oceanographic modelling to investigate 3 hypotheses on the reasons for this change. Evidence from connectivity studies suggests that the population of North Sea anchovy is separate from that in the Bay of Biscay. The recruitment pulses observed in survey data fit a life cycle which includes spawning in early summer and larval development in late summer. This also supports the concept of population expansion originating from local remnant population(s). In terms of growth physiology, suitable thermal windows have expanded, making conditions more favourable for life cycle closure and population persistence/productivity. In addition to the increased frequency of warm summers, which favour larvae and juvenile growth, the decrease in the number of severe winters is also likely to improve overwinter survival. Overall, the evidence supports the hypothesis that the increase in anchovy abundance originated from the improved productivity of existing populations. This increase was associated with an expansion in thermal habitats and is probably not due to a northward shift in the distribution of southern conspecifics. exhibited climate-driven changes of this nature in the North Sea, the northern boundary of this Lusitanian species (Engelhard et al. 2011) . Anchovy abundance in the North Sea has fluctuated, with periods of high abundance being followed by periods of near absence (Aurich 1953) . Interestingly, the periods of appearance coincide with warm phases of the Atlantic Multi-decadal Oscillation (AMO) in the last century, indicating that climate variability likely plays an important role in anchovy dynamics in the North Sea. Data from trawl surveys and commercial information landings have indicated a dramatic in crease in anchovy abundance since the mid-1990s after a period of absence (Beare et al. 2004 ). However, the mechanisms leading to this phenomenon are not known. The aim of this study is to evaluate different hypotheses explaining why anchovy have exhibited these particular dynamics in the North Sea, to synthesise available knowledge and to provide evidence in support of the most probable scenario explaining the recent increase of this species in that ecosystem.
CONTEXT OF CHANGE

Changing environment
To investigate how the physical environment of the North Sea has changed over the last 50 yr, we used a multi-decadal (1948 to 2007) hindcast of the hydrodynamic model 'HAMSOM' (Pohlmann 2006 , Meyer et al. 2011 . The model was driven by 6-hourly air temperature, humidity, cloud cover, precipitation, sea level pressure and near-surface wind speed and direction from the National Centers for Environmental Prediction (NCEP) and National Center for Atmospheric Research (NCAR) global atmospheric reanalysis. The annual heat content of the North Sea varied between 330 and 366 × 10 6 J m −3
, with mean values being highest in the summer and lowest in the winter months. Inter-annual variation was highest during the winter and spring seasons. A period of increased heat content started in the late 1990s. Changes in North Sea sea surface temperature (SST) from 1949 to 1987 were relatively small (less than 0.1°C decade −1 negative trend), whereas a strong increase of up to 0.5°C decade −1 occurred from 1987 to 2007. The strongest warming occurred in the German Bight (1.0°C for 1987 to 2007), compared to smaller increases in the central (0.3 to 0.4°C) and the northern (0.1 to 0.3°C) North Sea (ICES 2010). However, unlike general heat content and SST, no longterm (or recent) changes in the dynamics of the thermocline strength (defined here as the maximum vertical temperature gradient with a threshold at 0.1°C m −1 ) were observed in the modelled time series (Meyer et al. 2011) . This lack of change in the North Sea thermocline dynamics partly explains why time series analyses have not found strong phenological shifts in primary production even though changes in the dominant phytoplankton groups have been reported (see references in ICES 2010).
A shift in zooplankton from a typical cold-boreal to a warm-temperate community occurred in the late 1980s (e.g. Beaugrand 2004 , Kirby et al. 2007 ). This included a shift in the dominant Calanus congener, an influx of oceanic species, an increase in warm water zooplankton species and a shift from holoplankton to meroplankton dominance. Changes in zooplankton species composition have also been associated with phenological changes potentially affecting the match− mismatch dynamics between zooplankton and their predators (Alheit et al. 2005) . Within upper trophic levels, shifts in fish species have also been documented, with an increase in species with southern affinities and or movements of some species to greater depths (Perry et al. 2005 , Rijnsdorp et al. 2009 ). These changes in physical and biological factors defined a regime shift in 1988/89 (Weijerman et al. 2005) and coincided with an abrupt change in the winter North Atlantic Oscillation (NAO) index. The NAO is the most pronounced signal describing climate-driven variability on decadal time scales in the region (Hurrell & Deser 2010) . After the mid-1990s, the pressure centres of the NAO (Icelandic Low and the Azorian High) moved north-eastward. These atmo spheric processes were accompanied by simultaneous changes in a number of large-scale water currents in the northeast Atlantic (Häkkinen & Rhines 2004) .
Although no causal relationship can be ascertained, climate-driven changes in various ecosystem components appear significant. Local and large-scale changes occurred in the North Sea environment. In addition, changes in water temperature appeared to be associated with several of these profound ecosystem changes, and these are investigated in the present study as the potential environmental driver.
Fluctuations in anchovy catches and abundance
Anchovy have historically occurred in the North Sea (Aurich 1953) . In recent, more temperate times, the largest northern anchovy spawning area was in the Zuiderzee (Fig. 1 inset) . This estuary supported a dedicated anchovy fishery from at least the last decades of the 19th century until 1932, when the estuary was closed off from the sea (Cunningham 1890 , Boddeke & Vingerhoed 1996 . Despite high inter-annual variability, yearly catches occasionally exceeded 10 000 t. Anecdotal evidence suggests that anchovy were also caught off the south coast of England at the end of the 19th century (Cunningham 1890) and were spawning in the German Bight in the late 1940s (Aurich 1953) . After the closure of the Zuiderzee, smaller anchovy spawning areas persisted in the Oosterschelde estuary in the Netherlands and in the western Dutch Waddenzee (Boddeke & Vingerhoed 1996; Fig. 1 ) with annual catches up to 1000 t between the 1930s and 1960s (Fig. 2) . Anchovy were also recorded in Danish waters (the Belt area) during the 1930s and 1940s (Heegaard 1947) . All landing records from the 20th century confirm high inter-annual variability (Fig. 2) .
In the latter half of the 20th century, anchovy were only rarely found in the North Sea. Research survey time series suggest low numbers between the 1930s and 1960s and from the 1970s onwards (Beare et al. 2004 ). In the 1990s, abundance appeared to in crease again in the North Sea (Beare et al. 2004 ; Fig. 2d ) as well as in adjacent regions (Armstrong et al. 1999 ). The species is now regularly caught in the International Bottom Trawl surveys of the North Sea (Fig. 2d) . Anchovy in the north of their distribution appear to spawn exclusively in nearshore and estuarine areas where young larvae have been captured in good condition (Kanstinger & Peck 2009 ).
HYPOTHESES FOR DRAMATIC INCREASE OF ANCHOVY ABUNDANCE
We treat the observed increase in abundance of anchovy in the North Sea as a colonisation event. The spatial expansion of a species can be explained by allopatry (colonisers coming from elsewhere) or sympatry (recruitment pulses of an adult local remnant population). In the case of North Sea anchovy, allo patric colonisation can occur through passive transport of eggs or larvae that originate from areas outside the North Sea (Fig. 1) , or by actively migrating adults. The sympatric hypothesis amounts to the increased survival of progeny that resulted from spawning in the North Sea, leading to life cycle completion and an increase in numbers of adult fish. To test which of these 3 hypotheses applies to the North Sea anchovy scenario, we translated their implications into the specific life cycle dynamics of anchovy.
Hypothesis 1
H 1 : A remnant population exists in the North Sea which has recently exhibited increased recruitment pulses.
In this case scenario, anchovy would have been able to complete a full life cycle in the North Sea. They would have been present in low numbers and in isolated areas before the newly recorded increase. The first signal of increased abundance would be in the recruits (i.e. smaller length classes would exhibit the first increase). Genetic differences would be expected between the North Sea and Bay of Biscay stocks. There would be no evidence of connectivity between the populations.
Hypothesis 2
H 2 : An allopatric population has seeded the North Sea by an introduction of early life stages. The first signal of increased abundance would be in the recruits, i.e. smaller length classes would show the first increase. There would be no genetic differentiation between the North Sea and Bay of Biscay stocks. Lagrangian drift model simulations would predict larval transport into the English Channel and eventually the North Sea from the Bay of Biscay.
Hypothesis 3
H 3 : An allopatric population has seeded the North Sea by active adult migrations.
The first signal of increased abundance would be in the adults, i.e. larger length classes would show the first increase. There would be no genetic differentiation between the North Sea and Bay of Biscay stocks. However, Lagrangian drift model simulations would predict larval transport into the English Channel and eventually the North Sea from the Bay of Biscay.
We assessed the validity of each of the 3 hypotheses by compiling evidence from genetic studies, larval transport modelling, survey time series and physical models. Also, we investigated how suitable thermal habitats for anchovy spawning and larval survival may have increased in the North Sea based on physiological considerations. Each approach is considered one at a time in the following sections, building evidence for and against each hypothesis. This weight-of-evidence approach allows us to synthesise likely explanations for the observed increase in North Sea anchovy abundance in recent years. This cross-disciplinary approach used the best data sources available, but given the limited number of dedicated studies targeting anchovy in the North Sea, we made extra effort in validating the data.
EXPLORATION OF HYPOTHESES
Connectivity
We used 2 approaches to explore connectivity: between-population genetic structure and dispersal of early life stages (ichthyoplankton).
Genetic structure among European anchovy populations in the Mediterranean basins and adjacent waters, including the Bay of Biscay, has been studied using mitochondrial DNA (Magoulas et al. 2006) , allozymes (Tudela et al. 1999 , Sanz et al. 2008 ) and DNA microsatellites (Zarraonaindia et al. 2009 ). These studies showed differentiation between populations among the Mediterranean basins but similarity be - A geographically more extensive analysis was conducted, which included the English Channel and North Sea and which was based on single nucleotide polymorphisms (SNPs; Morin et al. 2004) . A panel of 49 nuclear SNPs characterised by Zar raonaindia et al. (in press) was used in the present study on a total of 797 indi vidual fish, sampled in various locations in the Bay of Biscay and the North Sea (Fig. 1) . Genetic divergence between North Sea and Bay of Biscay pop ulations was assessed by applying the F ST statistics (Weir & Cockerham 1984) using FSTAT software (Goudet 1995 (Goudet , 2001 ). In addition, the Bayesian modelbased clustering algorithm implemented in the software STRUCTURE v2.3.3 (Pritchard et al. 2000) was used to classify individual fishes in homogeneous groups, assuming a mixed ancestry model and correlated allele frequencies (Falush et al. 2003) . The clustering algorithm was run considering different group numbers (K = 1 to 10). Results indicated that the North Sea and English Channel samples were genetically homogeneous (F ST = 0.002 ± 0.003; p = 0.179), as were those within the Bay of Biscay (F ST = 0.001 ± 0.002; p = 0.211). However, significant genetic differences were found when comparing North Sea/English Channel samples with those from the Bay of Biscay (F ST = 0.030 ± 0.011; p < 0.001). In addition, best clustering statistics were obtained when considering 2 groups (K = 2): one formed by Bay of Biscay samples and the other by North Sea/ English Channel samples (Fig. 3a) . In addition, the genetic difference between the Bay of Biscay and North Sea/English Channel populations was larger than between the Bay of Biscay and NW Mediterranean populations (F ST = 0.020 ± 0.009; p < 0.001). The fact that English Channel samples were grouped in a homogeneous cluster with those of the North Sea tends to reject the idea that the English Channel would comprise a transition zone between the Bay of Biscay and North Sea populations, since intermediate allele frequencies would then be expected in this area.
Oceanographic connections and transport of ich thyoplankton from the Bay of Biscay into the English Channel have already been reported (e.g. Kelly-Gerreyn et al. 2006) . Anchovy eggs spawned in the Bay of Biscay have the potential to be transported into the English Channel (Huret et al. 2010) . Here, we specifically estimated the loss of Bay of Biscay anchovy eggs into the English Channel using a Lagrangian particle tracking model described by Huret et al. (2010) . (Figs. 1 & 3b) . The mean fraction of particles arriving in the English Channel was generally low, between ca. 0% for spawning locations 1 to 3, and ca. 10% for the northernmost location. The model also showed interannual and seasonal variability in the connectivity from the Bay of Biscay into the English Channel. For the northern spawning locations (4 and 5), modelled connectivity occurred early in the season (until mid-May). However, very little spawning was reported by the French PELGAS survey in April to May north of 46°N, which was also suggested by Motos et al. (1996) . Modelled connectivity is null from mid-May onwards. Thus the modelling exercise suggests that potential larval connectivity from the Bay of Biscay into the English Channel results from spawning in the northern part of the Bay, and only at the beginning of the spawning season, when spawning in fact does not occur in the north. Thus, considering the observed spatio-temporal spawning pattern (shift to the north as the season progresses), connectivity through ichthyoplankton transport may be considered highly unlikely. Larval connectivity from the Bay of Biscay to the English Channel/North Sea areas is argued to be negligible using larval transport modelling. The other source of connectivity is via vagrant adults. However, the genetics study showed high differentiation between the 2 areas. Therefore, adult connectivity must also be considered negligible. These results provide evidence in favour of the hypothesis of an increase in abundance of local North Sea populations (H 1 ), rather than a northward expansion of Bay of Biscay populations via larval transport (H 2 ) or adult migration (H 3 ).
First appearance of anchovy expansion: adults or recruits?
To address this question, we analysed the spatial distribution and length structure of anchovy in the North Sea International Bottom Trawl Surveys series (IBTS). The data were extracted from the International Council for the Exploration of the Sea (ICES) website portal as anchovy catch per unit effort (CPUE, numbers at length) by ICES rectangle. These data are available for Quarters 1 and 3 (Q1 and Q3; each quarter = 3 mo, where Q1 is from January to March and Q3 from July to September) of each year; since the 2 quarters can give insight into different periods of the life cycle, both were used in the analysis. Establishing whether the first expansion is due to adults or juveniles using survey data is difficult, as survey catches can be unreliable when fish have a low abundance. We therefore focused on the surveys with average log CPUE > 0.5. The averaged spatial distribution (Fig. 4) indicated that anchovy were more widely distributed across the North Sea in Q1 than in Q3, when they were more restricted to the southern North Sea and British coast. Anchovy in Q1 generally had 1 peak in length (ca. 12 cm), while the length distribution of anchovy in Q3 was slightly bimodal with a strong peak at ca. 7 cm and a weaker peak at ca. 17 cm (Fig. 4) . Lengths in Q3 were more variable across years, probably reflecting variability caused by recruitment pulses.
Egg surveys along the Dutch coast show that anchovy spawn in early May. In the now extinct Zuiderzee populations, which spawned in early May, anchovy reached sizes of 6 to 8 cm in 90 to 120 d (Arné 1931). Given that anchovy within the Bay of Biscay can reach 7 to 8 cm within ca. 60 to 80 d, it seems likely that the anchovy caught in Q3 in the North Sea were juveniles hatched during late spring of the same year. Moreover, the otoliths of individuals caught along the Dutch coast in 2010 (May to June) were aged, and their length-at-age matched the growth pattern of Bay of Biscay anchovy (Fig. 5) .
The time series of annual anchovy catches (survey CPUE) shows that although low numbers of anchovy were present in the 1970s and early 1990s (Fig. 2d) , the first large increase in abundance occurred in the mid-1990s. The first time anchovy were captured in the North Sea since the 1970s was in Q3 of 1992 ( Table 1 ). In that year, a recruitment signal was detected (length mode <12 cm), but as abundance in Q1 of the subsequent year (1993) was low, these recruits did not survive the winter. The next recruitment signal was in Q3 of 1994, and an overwinter survival of recruits is inferred from the higher abundance in Q1 of 1995. This event (1994−95) was the first largescale colonisation/recruitment by anchovy in the North Sea since the 1970s. Subsequently, there were several years of higher abundance (1994−95, 1997−98, 2002−03) , and in each case, a Q3 increase preceded an increase in Q1 of the next year (Table 1) , suggesting over-wintering of recruits (sub-adults). The probability that large anchovy catches (i.e. event X: log CPUE > threshold) in summer (Q3) were followed by large anchovy catches in the subsequent winter (Q1), was high (Table 1) : P(Q1 t = X|Q3 t -1 = X) = 9/13 = 69% where t is time. However, poor overwinter survival also occurred (i.e. event 0: log CPUE < threshold) with a 40% probability (P[Q1 t = 0|Q3 t -1 = X] = 2/5 = 40%), although it was estimated using a smaller number of observations (Table 1 ). This pattern suggests that recruitment pulses in Q3 together with overwintering survival are necessary for high catches to occur in Q1 of the following year.
Thermal habitats
One consequence of the summer warming, documented for the southern North Sea, may be a spatial and temporal expansion in favourable growth habitats. In theory, this would increase rates of larval growth and survival during summer, allowing a greater number of juveniles to grow to sufficient sizes to better survive through the winter. We examined the eco-physiology of European anchovy with emphasis on optimal and sub-optimal thermal windows for growth and survival. Since the North Sea represents the upper limit of the latitudinal range in distribution of European anchovy, we also discuss International Bottom Trawl Survey catches. Q1 is from January to March and Q3 from July to September survival constraints potentially imposed by the long duration of the winter period. Studies on other marine fish species have identified 2 principal agents affecting over-winter mortality: direct thermal stress and starvation (Hurst 2007), both of which may be size-dependent, particularly for young of the year. In most cases, obtaining large body sizes prior to the winter period increases the probability of survival (e.g. Cargnelli & Gross 1997) . The lower threshold temperature for anchovy spawning appears to be 14°C in European Atlantic waters, based upon observations made throughout Europe, including the Bay of Biscay (Ibaibarriaga et al. 2007 ), although spawning starts with warming rather than at an absolute temperature (Motos et al. 1996) . Optimum larval growth temperatures are above 16°C (Urtiz berea et al. 2008) . At these temperatures, larvae would require 40 to 50 d to metamorphose (4 to 5 cm) and 60 to 80 d to reach a size of 7 to 8 cm (Pecquerie et al. 2009 , Aldanondo et al. 2010 ). In the Bay of Biscay, pre-winter juveniles would need to reach a body size of 6.6 cm (ICES 2009) with a condition threshold 5 kJ g −1 wet mass (Dubreuil & Petitgas 2009 ) to ensure overwinter survival.
As anchovy have continuously been recorded in the Waddenzee (Boddeke & Vingerhoed 1996) , we assumed that local thermal conditions represent the minimum requirements for successful growth and survival (Fig. 6a) . We also used long-term (1948 to 2007) temperature simulations from the HAMSOM oceanographic model (Meyer et al. 2011) to calculate the period (in days) during which the southern North Sea water temperatures were above and below specific high (Fig. 6b) and low (Fig. 6c) thresholds. The simulated temperatures of the southern North Sea (defined as < 55°N and < 50 m deep) suggested windows of suitable spawning temperatures (T >14°C) and larval growth temperatures (T >16°C) of 3 to 4 and 2 to 3 mo, respectively. Waddenzee temperature records suggested the same thermal durations. In comparison, spawning and growth windows in the South of the Bay of Biscay lasted 7 and 5 mo, respectively (Fig. 6a) . In the southern North Sea, both the thermal spawning and growth windows have increased by ca. 2 to 6 wk in most years between 1989 and 2007. At the same time, the severity of winters (defined here as mean water temperatures below 6°C for 60 d) has markedly declined: between 1989 and 2007, only 5 years experienced severe winters, compared to 70% of the years between 1948 and 1988. Assuming that thermal requirements for North Sea and Bay of Biscay anchovy are similar (which may not be the case due to plasticity in life history traits), suitable thermal habitats now regularly exist in the southern North Sea. Such favourable spawning and (8, 6 and 4°C) growth conditions are prerequisites for population persistence and productivity. The results of this exploration of eco-physiological habitats suggest that spatio-temporal variability in the width of thermal windows may strongly influence spawning, larval and juvenile survival and ultimately the recruitment success of North Sea anchovy. The optimum thermal window for growth has widened in the southern North Sea since 1989. Given the thermal biology of this species, extreme warm events are unlikely to be detrimental. However, extreme (shortterm) cold events have been correlated with massive winter mortality of some North Sea fish species (Pört-ner & Peck 2010) and could also apply to North Sea anchovy.
DISCUSSION
Previous genetic studies have identified potential differentiation within the Bay of Biscay (Sanz et al. 2008 , Zarraonaindia et al. 2009 ). Here, such differentiation was probably outweighed by the larger difference between North Sea/English Channel and Bay of Biscay samples that appeared using SNP markers. Here, the transport modelling and genetic studies both suggest that North Sea and Bay of Biscay anchovy are separate populations. Additional information is given by otolith chemistry performed on 4 fishes from the Bay of Biscay and 3 from the North Sea (Scotland, Fig. 1 ) sampled in 2009. The elements (Sr, Si, K, P, Mg, Cr, Mn, Ba, Zn, Co) of the otolith core were measured following the methodo logy documented by Aldanondo et al. (2010) . A cluster analysis (Ward method, Euclidean distances) based on the concentration of the different elements clearly differentiated individuals collected off the North Sea coast of Scotland from those captured in the Bay of Biscay. This indicates that the individuals collected in the North Sea and the Bay of Biscay originated from different spawning locations. Although only 7 fish were analysed, the results agree with the genetic and transport analyses and add to the evidence in support of the local expansion hypothesis (H 1 ).
The observed recruitment pulses seen in the trawl surveys suggest spring spawning and larval development in summer. They also support the concept of population expansion from recruitment pulses originating from possible remnant North Sea population(s). In terms of growth physiology, the thermal windows required also fit the seasonal schedule of spring spawning and summer larval development. In addition, the thermal windows have expanded, making conditions more favourable for life cycle closure and population persistence/productivity. Not only does the recently observed increased frequency of warm summers favour the growth of larvae and juveniles, but the decrease in severe winters likely also favours overwinter survival. The overall evidence supports hypothesis H 1 , which interprets the ob served increase in anchovy abundance as originating from increased productivity of a sympatric population or populations in the North Sea. The alternative hypotheses, which proposed that the increase in North Sea anchovy abundance was due to a northward shift in the distribution of southern conspecifics, were rejected.
Self-recruiting and persistent remnant populations exist in all taxa and are often isolated and sometimes genetically distinct from other populations of the same species (e.g. Garcia 2008 , Galand & Fevolden 2000 . Isolated self-recruiting populations can continue to exist at low abundance and on a small spatial scale, depending on life-history or behavioural traits (Nordeng 1983 , Garcia 2008 . As natural collapses and recoveries of marine fish stocks are a common feature (Baumgartner et al. 1992) , small contracted populations can represent the way a species may persist over geological times. Several salmonid and clupeid species are known to be able to persist in adverse conditions as self-recruiting remnant populations. Examples include Arctic charr Salvelinus alpinus (Nordeng 1983), Blackwater herring (Roel et al. 2004 ), Limfjord herring (Poulsen et al. 2007 ) and Bay of Biscay herring (all Clupea harengus) (Alheit & Hagen 1997) . Our study suggests that North Sea anchovy should be included in that list.
Small population sizes are often the consequence of restricted habitat availability (Bertrand et al. 2004) . Therefore, remnant populations of short-lived and highly fecund species may dramatically increase in size when the extent of favourable habitats increases. Our study suggests that the increase in North Sea anchovy since the late 1990s is associated with the expansion of thermal habitats which supports growth and survival of pre-recruits. However, it does not explain how spatially expanded habitats may be newly colonised (Petitgas et al. 2010) . We based our conclusion on a cross-disciplinary approach, which focused on stage-specific habitat requirements and the importance of life cycle closure.
Given the paucity of local studies on anchovy, our approach was to analyse an amalgam of data of differing quality. We used the IBTS series to investigate trends in anchovy abundance (as in Beare et al. 2004) . Anchovy in the Bay of Biscay are generally found relatively close to the bottom during the day (Massé 1996) particularly in winter (Fage 1911) . This may in part explain the higher catches in IBTS in Q1 and also suggests that the Q1 survey may more closely reflect patterns in anchovy abundance. It is noteworthy that anchovy are not found in the North Sea during summer pelagic fish surveys, probably because this species has migrated out of the survey area to inshore waters for spawning. The exclusively near-shore distribution of anchovy larvae as found in ichthyoplankton surveys in June/July supports this assertion (Kanstinger & Peck 2009; IMARES unpubl. data) . We therefore used the catch data from bottom trawl surveys and inferred likely processes from existing eco-physiological information of this species. However, there are gaps in the survey time series (Fig. 2) , and only limited data are available on the growth and maturity of anchovy in the North Sea (Fig. 5) .
In this paper, anchovy have been considered in isolation. However, the population dynamics of anchovy will also respond to and influence the dynamics of their prey, competitors and predators. Few studies have examined the link between anchovy and other components of the North Sea ecosystem. Anchovy are not currently included in multi-species North Sea models (ICES 2010) because their biomass was considered too low for the species to have a substantial impact on the food web. Moreover, there is no information on which predators consume anchovy, since large-scale stomach content sampling programs were undertaken in 1981 and 1991 when North Sea anchovy populations were low. Recent diet research has indicated that North Sea anchovy are generalist planktivores (Raab et al. 2011) , suggesting that, unlike sprat Sprattus sprattus and Atlantic herring, they are opportunistic feeders and therefore less likely to be prey-limited.
We used a multi-disciplinary and integrative approach along the life cycle. Our conclusions are based on coherent results obtained from different sources, although each individually has its shortcomings. Our study has indicated the importance of suitable thermal habitats for spawning, larvae and juveniles (growth). Our analysis favours the hypothesis that the greater abundance of North Sea anchovy rose from expanding remnant populations, probably influenced by the expansion of their thermal habitat brought about by a combined action of AMO dynamics and global warming. Warming waters would likely benefit anchovy in a number of ways, including increasing (1) the duration of spawning windows, (2) larval/juvenile growth rates, and (3) overwinter survival of juveniles.
Yet, there are still gaps in our knowledge of the way the life cycle is effectively completed; in particular, we lack knowledge of seasonal migrations and how these can be newly established from a remnant coastal population. Also unknown in the North Sea are the drivers of the population dynamics of anchovy. Here, we have focused on the impact of thermal habitats, but North Sea anchovy are likely to be affected by a variety of abiotic and biotic factors, including river plumes, primary production, zooplankton, wind stress and a combination of these, as these factors influence anchovy populations in other areas (e.g. García et al. 1998 , Palomera et al. 2007 , Borja et al. 2008 , Schismenou et al. 2008 . Furthermore, beyond basic studies of population demographics, it would be beneficial to conduct targeted, eco-physiological research on anchovy, testing for potential adaptations to specific thermal habitats along a latitudinal gradient. 
